Introduction
CACC motifs are common proximal promoter elements in many erythroid genes. For example, the proximal promoters of all of human and mouse ␤-like and ␣-like globin genes contain CACC motifs that are important for transcriptional activation in transient reporter assays and transgenic mice. [1] [2] [3] [4] [5] The critical nature of CACC-binding proteins is best highlighted by natural mutations in the 2 CACC motifs within the human ␤-globin gene promoter, which lead to ␤ ϩ -thalassemia from promoter dysfunction. 6 A large number of studies demonstrated CACC-box dependence of many other erythroid gene promoters in vitro. [7] [8] [9] [10] [11] [12] There are many CACC-box binding activities within erythroid cells including SP1 and other ubiquitously expressed nuclear factors. 13 In 1993, erythroid Kruppel-like factor (EKLF, KLF1), 14 the founding member of the KLF family 15, 16 of transcription factors, was discovered and shown to bind CACC-box or GC-rich motifs through 3 C-terminal SP1-like C 2 H 2 zinc fingers. 14 Unlike SP1, mouse and human EKLF are uniquely expressed in erythroid cells of yolk sac, fetal liver, spleen, and bone marrow. 14, 17 EKLF functions as a transcriptional activator of many erythroid gene promoters in transient reporter assays, 9 including the mouse and human ␤-globin promoters. 15, 18 In some contexts EKLF may function as a transcriptional repressor, perhaps through recruitment of corepressors such as Sin3A, 18 but the importance of this for in vivo function is not clear.
EKLF knockout mice die of anemia by embryonic day 16 (E16), 19, 20 demonstrating nonredundant in vivo erythroid functions. EKLF-null embryos have a profound defect in ␤-globin gene expression, but ␣-globin is relatively spared. There is also iron overload in the fetal liver reticulo-endothelial system and erythroid cells, consistent with ineffective erythropoiesis. 20 In the absence of EKLF there is no human ␤-globin gene expression in transgenic mice that contain the human ␤-globin locus, and there is persistence of ␥-globin gene expression in the fetal liver. 21, 22 This result has raised interest in pharmacologic suppression of EKLF as a strategy to raise fetal hemoglobin in patients with ␤-hemoglobinopathies such as sickle cell disease and ␤-thalassemia. However, this approach is potentially dangerous without a more thorough knowledge of potential EKLF target genes.
Although EKLF knockout mice share many characteristics with human ␤-thalassemia major, the EKLF Ϫ/Ϫ phenotype is more severe than that generated by deletion of both the ␤-minor and ␤-major genes themselves, 23 suggesting EKLF Ϫ/Ϫ erythroid cells have additional nonglobin defects. Furthermore, correction of the ␣-like-to-␤-like globin chain ratio in EKLF-null embryos via transgenic approaches fails to restore red cell morphology or survival. 24 This result also argues strongly for additional nonglobin defects in EKLF-null red cells. Knockdown of EKLF to 20% of endogenous levels in the erythroid cell line J2E resulted in poor hemoglobinization in response to erythropoietin and reduced expression of many heme-synthesis enzymes including ␦-amino levulinic acid synthase (ALAS-E or ALAS2), ferrochelatase (Fech), 5-aminolevulinic acid dehydratase (Alad), and porphobilinogen deaminase (PBGD). 25 Also, immortalized erythroblast cell lines derived from EKLF-null fetal livers demonstrated robust hemoglobinization and morphologic maturation upon restoration of EKLF function. 26 Together, these experiments argue that EKLF plays a broad role in gene expression that accompanies terminal erythroid differentiation.
To undertake a nonbiased, genome-wide search for EKLF target genes, we performed expression profiling on EKLF-null E14.5 fetal liver cells and also on an EKLF-null cell line, B1. 6 , that undergoes EKLF-dependent erythroid maturation. 26 This combined approach allowed us to circumvent technical problems associated with either approach and narrow the list of potential EKLFregulated genes to approximately 100. The list includes genes encoding erythroid differentiation-related factor/␣-hemoglobin stabilizing protein (EDRF/AHSP), 27 dematin (band 4.9), hemesynthesis enzymes, blood group antigens, transcription factors, and other proteins. We verified a number of target genes and demonstrated direct EKLF gene activation of dematin. In addition, we found that EKLF is influential during primitive erythroid cell differentiation. In short, our findings demonstrate that EKLF plays a much broader role in both primitive and definitive erythropoiesis than previously suspected. It is essential for integrity of the red cell membrane, cytoskeleton, heme synthesis, and globin gene expression in both definitive and primitive red cells.
Materials and methods

Genotyping
Genotyping of the EKLF-null mice was performed by polymerase chain reaction (PCR) with primer pairs that recognize neo R in the targeted locus or a region within the zinc fingers deleted by the targeting event. Primer sequences and PCR conditions are available upon request.
Expression profiling
Total RNA was prepared from fetal livers and cell lines using Trizol or RNA-Easy kits (Invitrogen, Carlsbad, CA). EKLF was induced in EKLFestrogen receptor (EKLF-ER) cell lines, B1.6 26 by addition of 200 mM hydroxyl-tamoxifen (Sigma, St Louis, MO), or 0.01% ethanol as a vehicle control in 10% FCS/high-glucose DMEM for 6 hours. RNA quantity and quality was determined using an Agilent Technologies 2100 Bioanalyser (Palo Alto, CA). RNA was linearly amplified using the messageAMP aRNA kit (Ambion, Austin, TX). Labeled samples were hybridized to 22K Compugen mouse long-oligonucleotide microarrays (Compugen, San Jose, CA) and analyzed using previously described methods. 28, 29 All data and rankings used to define statistically robust differential expression were exported into GeneSpring 7.2 (Agilent Technologies, PaloAlto, CA) for visualization. Full documentation of experimental parameters and raw data are available for download in accordance with MIAME guidelines 30 via a Signet interface (Agilent Technologies).
Real time RT-PCR
cDNA was made from total RNA using superscript III (Invitrogen) according to the manufacturer's recommendations. For dematin, reverse transcriptase-PCR (RT-PCR) primers were designed to dematin exons to amplify alternative 5Ј transcripts. For validation of target gene expression, primer pairs were designed to cross intron-exon boundaries (Table 1) . Quantitative real-time RT-PCR reactions were performed using an ABIPrism 7500 (Applied Biosystems, Foster City, CA) and SYBR green incorporation. The PCR cycles for all primer sets were as follows: denaturation at 95°C for 10 minutes, followed by 45 cycles of 94°C for 15 seconds and 60°C for 1 minute. Each sample was run in triplicate with biologic replicates for each condition.
Western blotting
Protein was extracted from cells using RIPA buffer, and Western blotting was performed by standard techniques with proteins detected by enhanced Reverse: 5Ј-AAC AAA GTC TGG CCT GTA TCC AA Pgk1
Forward: 5Ј-GGG TCG AGC TAA GCA GAT TG 102
Reverse: 5Ј-GCT TTC ACC ACC TCA TCC AT Epb4.9
Forward: 5Ј-ACC GCA TGA GGC TTG AGA GG 114
Reverse: 5Ј-TCT TCT TAA GTT CGT TCC GCT TCC Dfy Forward: 5Ј-CAG GCT GTA GTC ACT CGA GAG TTC AT 115
Reverse: 5Ј-GGA ACT GTC TGT ATC CGG TGG A Icam4
Forward: 5Ј-CCT GTT ATG TTG ACA GTC CTC GCT TT 107
Reverse: 5Ј-ACG TAG ACA GCC CCC ACA GC Mgst3
Forward: 5Ј-CGC ATA TGG CTA CTA CAC AGG AGA CC 118
Reverse: 5Ј-CCA GCC GAG ATG CTG GAA AG Lgals Forward: 5Ј-CGG GAG CAT CAC AGA GGT GT 115
Reverse: 5Ј-GTA GTT GAT GGC CTC CAT GTT GA Snca Forward: 5Ј-GAC CAG ATG GGC AAG GGT GA 128
Reverse: 5Ј-GCT TCA GGC TCA TAG TCT TGG TAG C Rhced Forward: 5Ј-GGT GAC TGG ACT CCT CAC AGG TT 109
Reverse: 5Ј-AAC CGC CAA GTG TGG GAA CT Tfrc Forward: 5Ј-GGA AAT CAA TGA TCG TAT TAT GAA AGT GG 91
Reverse: 5Ј-CCA GAA GAT ATG TCG GAA AGG AGA CT LMO2 Forward: 5Ј-TGC AGG AGA GAC TAT CTC AGG CTT T 100
Reverse: 5Ј-TGT CTT TCA CCC GCA TCG TC Bzrp Forward: 5Ј-GCA GAT GGG CTG GGC CTT 135
Reverse: 5Ј-AGG CCA GGT AAG GGT ACA GCA A Acp3
Forward: 5Ј-GGA CAT GAC CAC AAC CTG CAG TAT 103
Reverse: 5Ј-TTC GTT GAT GTC GCA CAG AGG Ermap Forward: 5Ј-GGG ATG TGC CGT GTC AGG 110
Reverse: 5Ј-AGA AAC TCC GGA GTG AAC TGA AGT AHSP Forward: 5Ј-CTC AGC ACC ATT AGA CTT GAA 96
Reverse: 5Ј-TGC TGA TCC AGC AGA ACA TTA AAC TC chemiluminescence (ECL; Amersham Biosciences, Piscataway, NJ). Blots were blocked in 5% milk powder in PBS-0.1% tween20 (PBT) and probed with primary antibodies (1:500) to dematin (BD Biosciences, Franklin Lakes, NJ), AHSP, 27 and ␥-actin (sc-1616; Santa-Cruz Biotechnology, Santa Cruz, CA) and relevant secondary-HRP antibodies at 1:2000 dilution in PBT (Amersham Biosciences).
FACS
Fetal liver or primitive erythroid cells were passed through a 23-gauge needle, filtered through a 70-M cell strainer, washed, and resuspended in fluorescent-activated cell sorting (FACS) buffer (PBS, 1% FCS, 10 mM EDTA) at a concentration of 5 ϫ 10 6 cells/mL. Antibodies TER119-PE, CD117-FITC, and CD71-FTIC (BD Biosciences) were used at 1:200 concentration. Dead cells were detected with propidium iodide. Analysis was performed on a FACSCalibur (BD Biosciences).
Scanning electron microscopy E11.5 blood cells were centrifuged at 500g onto coverslips fixed in 100% ethanol, critical-point dried, and platinum coated for imaging in a 6300F JEM JEOL scanning electron microscope (JEOL PTY, Tokyo, Japan) according to standard protocols. Images were acquired through ImageSlave 2.14 software (OED, Hornsby, Australia) and processed using Adobe Photoshop 7.01 (Adobe Systems, San Jose, CA).
Bioinformatics
The evolutionary conserved region (ECR) Browser interface 31 was used to navigate through regions of human-rat-mouse alignments. Multiple sequence alignment of regions of choice was performed using a threaded blockset aligner (tba). 32 Sequences (12.5 kb) from the upstream gene FGF17 to a region in intron 2 of dematin were aligned via the link to Mulan. 32 ECRs of more than 100 bp of greater than 70% identity were identified. EKLF binding sites (CCNCNCCC) 33 and GATA-1 binding sites (WGATAR) 34 were found using the user-defined motif search tool of rVISTA 35 within the Mulan interface. 32 All human sites as well as phylogenetically conserved sites were identified and graphically represented using Mulan.
ChIP
Chromatin immunoprecipitation (ChIP) assays were performed essentially as previously reported. 36, 37 Briefly, after induction of B1.6 cells with tamoxifen for 12 hours, ChIP was performed with an ER␣ antibody (Ab-10; Neomarkers, Fremont, CA) or an irrelevant mouse IgG1 isotype control. Alternatively, ChIP was performed with a rabbit polyclonal antibody raised against the N-terminus of EKLF or preimmune rabbit sera. After formaldehyde fixation (0.4%), chromatin was fragmented to approximately 500 bp by sonication, DNA was precleared with protein G-sepharose, antibody (3 mg/mL) was added (ER␣, mIgG1, EKLF, or rabbit IgG) and incubated overnight at 4°C. Following elution and extraction, immunoprecipitated DNA was analyzed by real-time PCR. Primers were designed to amplify 100-to 200-bp amplicons centered on CACC sequences within the ECRs (Table 2 ). To determine EKLF occupancy, ⌬ cycle threshold (⌬CT) relative to input DNAs was calculated for each of the 4 conditions and expressed as a percentage of input.
Promoter-reporter assays
Genomic DNA incorporating 1 kb upstream of the published dematin transcription start site 38 (P3; Ϫ1 to Ϫ1000) or 1 kb upstream of a discovered only.
For personal use at PENN STATE UNIVERSITY on February 22, 2013. bloodjournal.hematologylibrary.org From erythroid promoter (P2; Ϫ8267 to Ϫ9269) were cloned into the Asp718 and Bgl2 sites of pGL3-Basic (Promega, Madison, WI) and checked by sequencing. SL2 insect cells were cotransfected with the promoter constructs and an insect cell expression vector for EKLF, pPAC-EKLF, as previously reported. 5 Normalizations were performed by cotransfection of a Renilla expression vector, pRL-TK (Promega). The Dual-Luciferase Reporter Assay system (Promega) and a POLARstar OPTIMA machine (BMG Labtech, Offenberg, Germany) were used to measure luciferase and renilla activities sequentially in the same sample.
Results
EKLF-dependent genes in the fetal liver
To undertake a genome-wide search for EKLF target genes we used expression-profiling analysis to compare fetal liver mRNAs from E14.5-day-old EKLF-null embryos to wild-type littermate controls. At this time, the fetal liver is almost exclusively composed of erythroid cells. EKLFnull fetal livers are less cellular (35%) than littermate controls, with the major loss being in the late erythroblasts and enucleated red cells. 20 A scatter plot of the average expression profiles is shown in Figure 1A . Many more genes are downregulated (600 Ͼ 2-fold; Figure 1A green dots) in EKLF-null fetal liver than upregulated (290 Ͼ 2-fold; Figure 1A red dots), suggesting EKLF functions primarily as a transcriptional activator in vivo. ␤-Globin, a known in vivo EKLF target gene, 19, 20 was one of the most highly EKLF-dependent genes on the array ( Figure 1A ; Table 3 ), validating our experimental system. Also, EKLF itself, which is genetically defective in EKLF-null fetal liver cells, was highly downregulated as expected ( Figure 1A ). Many erythroid-specific genes were significantly downregulated in EKLF-null fetal liver cells, including AHSP (a small protein that binds free ␣-globin chains), 27 dematin (a key red cell cytoskeletal protein), 38 heme-synthesis enzymes, and pyruvate kinase, and many important transmembrane proteins including the transferrin receptor 1 (TfR1) and blood group antigens (Rh-cde, Duffy, ICAM4/LW, and Ermap/Scianna).
We performed real-time RT-PCR for 13 putatively downregulated genes from different functional groups to validate the microarray data ( Figure 1B ). All 13 showed downregulation in the EKLF-null fetal liver, in most cases more dramatically than anticipated from the microarray fold-change calculation (Table 3 ). This suggests that the criteria we used to select putative EKLFregulated genes were strict; that is, most of the 600 putative regulated genes are likely to be true positives.
There were fewer (290) transcripts upregulated greater than 2-fold in EKLF-null fetal liver compared with wild-type fetal liver ( Figure 1A ; Table 3 ) and most of these were only just above the 2-fold arbitrary cutoff. Some of these are implicated in apoptosis. However, we found no evidence of apoptosis by FACS staining of fetal liver cells with annexin V (data not shown) nor have others found increased apoptosis when EKLF is reduced. 25 Hypoxia could indirectly influence gene expression in EKLF-null fetal liver samples. Indeed, 2 of the most highly upregulated genes, carbonic anhydrase 1 (CA1) and NIP3, are known to be inducible by hypoxia. 39 Human ␥-globin is known to be upregulated in the fetal livers of EKLF-null mice 21, 22 but was not present on these arrays, being human specific. Lastly, some of these transcripts could be directly repressed by EKLF. The full list of EKLF-dependent genes (and raw data) is available at Signet. 40 A partial list organized by subcellular localization and/or function is shown in Table 3 .
EKLF-induced transcripts in EKLF-ER cell lines overlap with EKLF-dependent genes in the fetal liver
We could not exclude the possibility that some of the gene expression differences could have resulted from a relative excess of certain nonerythroid cell types in EKLF-null fetal livers, hypoxia, or a failure of maturation of erythroid precursors. Therefore, we repeated expression profiling in B1.6 cells, an erythroid line derived from E14.5 EKLF-null fetal livers (the same gestational age as the primary fetal liver samples), which undergo EKLFdependent terminal erythroid maturation. Upon activation of a tamoxifen-inducible form of EKLF (EKLF-ER) the cells differentiate in vivo. 26 We undertook expression profiling 6 hours after addition of tamoxifen versus control (vehicle), expecting this time point to be sufficient for upregulation of direct EKLF target genes but insufficient for indirect upregulation via secondary transcription factor hierarchies or as a normal accompaniment of terminal differentiation. A scatter plot of the data is presented in Figure 1C . A total of 286 genes were upregulated greater than 1.3-fold (with B stats Ͼ 0 and absolute expression levels Ͼ 150) in response to tamoxifen and 154 were downregulated to this degree. Only 6 transcripts were downregulated greater than 2-fold and most of these are expressed sequence tags (ESTs ; Table 4 ). Again, this strongly suggests that EKLF acts primarily as a transcriptional activator in this cell line system, although a few transcripts could be directly repressed by EKLF. The same genes used for the fetal liver were verified by real-time PCR in the cell line ( Figure 1D) . Interestingly, only a few of these genes were downregulated in the EKLF-null line, suggesting that the B1.6 cells do not exactly mimic the in vivo environment (see "EKLF is primarily a transcriptional activator in vivo"). Nevertheless, there was significant overlap with the gene lists from the fetal liver experiments (100 genes including ␤-globin, dematin, and AHSP; Figure 1E ), which enabled us to focus upon likely direct targets of EKLF.
Dematin (band 4.9), the red cell cytoskeleton, and EKLF Dematin is an important red cell cytoskeleton protein. 28, 38, 41 The array data suggest that dematin is highly dependent on EKLF in the fetal liver (ϳ20-fold) and also in the EKLF-null erythroid cell line (ϳ5-fold), which was confirmed in both systems by real-time RT-PCR ( Figure 1B,D) . By Western blotting, dematin protein expression is also dramatically reduced in EKLF-null fetal liver compared with wild-type and heterozygous littermates ( Figure 1F ). With regard to other red cell cytoskeleton proteins, ␣-spectrin (Spna-1) was also mildly EKLF dependent (ϳ1.5-fold) in the fetal liver (Table 3) but not in the cell line. Gallagher et al 29 suggest that ␤-spectrin, band 3 (AE1), and band 4.2 are also direct EKLF target genes, but we did not find these or other red cell cytoskeletal proteins to be significantly EKLF dependent (Table 3) .
AHSP and EKLF
One of the most dramatic putative EKLF-regulated genes is AHSP (Figure 1 ; Tables 3-4) , also known as EDRF, a recently described GATA-1 target gene that binds and stabilizes free ␣-globin and Hb␣. 27 AHSP expression was essentially absent in EKLF-null fetal liver by real-time RT-PCR and it was also dramatically upregulated by tamoxifen in B1.6 cells ( Figure 1B,D) . AHSP was also absent in EKLF-null fetal liver cells by Western blotting ( Figure 1F ). AHSP is important for stabilizing free Hb␣ in vivo 27, 42 and its loss in EKLF-null mice likely exacerbates the pathology of a chain excess caused by ␤-globin deficiency.
Transmembrane proteins and EKLF
TfR1 appeared to be an EKLF-dependent gene in fetal liver (Tfrc; Figure 1B ). Loss of TfR1 might contribute to poor hemoglobinization in EKLF-null erythroblasts by impairing the uptake of circulating transferrin-bound iron. TfR1 was significantly downregulated in EKLF-null fetal liver (ϳ10-fold) and induced by tamoxifen (ϳ2-fold) in B1.6 cells ( Figure 1B,D) . To investigate this downregulation further we measured the cell surface expression of CD71 by FACS. Although TfR1 transcripts were reduced, CD71 expression at the cell surface was normal ( Figure 2) ; greater than 95% of EKLF-null fetal liver cells were CD71 ϩ and the intensity of expression was identical to wild-type littermates. It is possible that posttranscriptional regulation of TfR1 may play some compensatory role to generate normal CD71 surface expression in the context of reduced mRNA levels.
Interestingly, there was a very dramatic reduction in TER119 expression in EKLF-null fetal liver cells (Figure 2 ). In the normal fetal liver, greater than 80% of cells are TER119 intermediate or bright as previously published, 43, 44 whereas most if not all EKLFnull cells fail to express TER119. The antigen recognized by TER119 is an unknown protein of approximately 52 kDa. 44 It could be one of the transmembrane proteins upregulated by EKLF (Table  3) . Expression of the stem/progenitor cell marker CD117 (c-kit) was normal in EKLF-null fetal liver (Figure 2) , which is consistent with the normal progenitor cell numbers as determined by colony assays in SCF and Epo. 20 Primitive EKLF-null red cells show defects in gene expression, the red cell membrane, and surface expression of TER119
We and others previously reported that EKLF-null primitive erythrocytes are morphologically normal and express normal amounts of embryonic globins: -, ␤h1-, and ⑀-y. 19, 20 This is in spite of the fact that EKLF is expressed in embryonic red cells 45 and is required for expression of a LCR-␤-globin transgene and LacZ reporter gene in primitive cells. 46, 47 Figure 3A) , and Western blotting showed absence of both dematin and AHSP ( Figure 3B) . Acp3, the peripheral benzodiazepine receptor (Bzrp), Rh-cde, and ICAM4/LW were also significantly downregulated. Interestingly, not all of the 13 genes tested in the fetal liver were downregulated in embryonic red cells, suggesting that other CACC-box binding proteins may compensate for the loss of EKLF in this environment at some erythroid gene promoters (see "Primitive EKLF-null red cells show defects in morphology and gene expression").
EKLF-null embryonic red cells, like their fetal liver counterparts, fail to express TER119 but express normal levels of CD71 and CD117/c-kit ( Figure 3C ). Interestingly, EKLF ϩ/Ϫ embryonic red cells express intermediate levels of TER119 at the surface ( Figure 3C ), suggesting transcript levels in this case precisely define the output of the antigen recognized by TER119. Haploinsufficiency of EKLF at the human ␤-globin gene promoter also results in reduced production of ␤-globin. 22 To determine if loss of TER119 influences cell membrane morphology we performed scanning electron microscopy. EKLF-null embryonic red cells appear to have an abnormal morphology following gentle cytocentrifugation ( Figure 3D ). They displayed aberrant folding of the cell membrane that was a reliable surrogate marker of genotype. Despite this abnormal phenotype, the embryonic red cell numbers in EKLF-null embryos were not significantly different from littermates (data not shown), suggesting a relatively normal lifespan for the mutant primitive erythrocytes.
Phylogenetically conserved CACC and GATA sites within dematin gene regulatory regions
Expression-profiling experiments cannot distinguish whether the putative EKLF-regulated genes are direct targets, activated indirectly via a transcriptional cascade, or activated indirectly because of EKLF-induced differentiation. Thus, we searched for phylogenetically conserved EKLF binding sites (CCNCNCCC) 33 within our putative target gene list. In this paper we focused in detail upon regulation of the dematin gene as proof of principal of direct EKLF target validation. This gene was previously reported to contain 14 exons, 38 with the first exon containing the transcriptional initiation codon (exon 3 in Figure 4A ). However, a search for spliced ESTs using the UCSC genome browser 48 demonstrated the presence of additional spliced transcripts from 3 upstream noncoding exons labeled e1a, e1, and e2 in Figure 4A . We confirmed expression of transcripts originating from exon 2 and exon 3, but not exon 1 or 1a, in fetal liver by RT-PCR ( Figure 4B ). only.
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We used the ECR Browser 31 to find phylogenetically conserved regions of at least 100 bp of greater than 70% identity between the human (hg17), mouse (mm5), and rat (rn3) genomes. We found 14 ECRs within a 12.5-kb region of dematin that extended from the FGF17 gene upstream to intron 2 ( Figure  4C ). These are numbered in reverse to indicate increasing distance from the coding region. ECR3 abuts exon 2 and so it is likely to be a proximal promoter element (P2) for this alternative transcript. We then used the Mulan interface 32 to perform a directed search for conserved sites (between the 3 genomes) corresponding to the EKLF consensus site CCNCNCCC. 33 We simultaneously looked for conserved GATA-1 binding sites (WGATAR) as previously defined by PCR site selection, 34 since EKLF and GATA-1 are known to work cooperatively in certain contexts. 8, 49 Locations of conserved as well as nonconserved EKLF and GATA-1 binding sites are indicated in Figure 4C . These reside mostly within the ECR regions. In the case of ECR3, ECR12, and ECRa, 1 or 2 conserved GATA-1 binding sites occur in close proximity to the conserved EKLF sites ( Figure 4C ). Gene names are in full description and common abbreviations with a GenBank accession number. The ratio is the normalized mean of the relative expression in EKLF Ϫ/Ϫ versus EKLF ϩ/ϩ fetal liver RNA (n ϭ 6). The mean absolute intensities of each gene are given.
*Genes verified by real-time RT-PCR. †Genes that do not have expression fold differences that are enough for listing as possible EKLF targets but are included for comparison and discussion.
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In vivo occupancy of dematin ECRs by EKLF
We performed ChIP assays using ER␣ or an irrelevant mouse monoclonal antibody in B1.6 cells treated with either tamoxifen or vehicle control. We also performed ChIP assays with an EKLF antibody or preimmune rabbit sera. In each case, an aliquot of cross-linked input DNA (prior to ChIP) was prepared and analyzed as a reference for ChIP efficiency. In the case of an irrelevant negative control gene, nectin, 37 there was no enrichment of DNA in material ChIPed by the ER␣ or EKLF antibodies, confirming specificity and the lack of DNA occupancy by EKLF at this irrelevant gene (data not shown). In contrast, ChIP with EKLF antisera demonstrated tamoxifen-dependent occupancy of the ␤-globin promoter by EKLF-ER ( Figure 4D, left panel) . Dematin ECRa and ECR3 demonstrated significant EKLF occupancy (each ϳ100-fold), which was both specific for the EKLF antibody and also tamoxifen dependent. On the other hand, ECR1 and ECR12 demonstrated much less, if any, EKLF occupancy ( Figure 4D) . We also performed ChIP assays with an ER␣ monoclonal antibody or irrelevant mIgG1 isotype control. Again, there was strong tamoxifen-dependent EKLF-ER occupancy at ECRa and also ECR10 (ϳ1000-fold) and reasonable occupancy at ECR1 and ECR3 but weak occupancy at ECR12. Together, these results strongly suggest that many but not all of the phylogenetically conserved regions containing EKLF binding sites within a 12.5-kb region of the dematin gene are bound by EKLF in vivo. Thus, dematin is very likely to be a direct EKLF target.
EKLF directly activates 2 dematin promoters
We cloned a 1-kb region of ECR3 (corresponding to promoter P2), which is bound by EKLF in vivo, and a 1-kb region upstream of the published murine dematin cDNA (promoter P3), 38 which also contains 3 (although not conserved) CACC motifs into pGL3-Basic, and performed reporter assays in SL2 cells, which have no endogenous SP1 activity. Cells were cotransfected with an expression vector for EKLF, pPAC-EKLF. 5 The ␤-globin promoter was used as a positive control for EKLF responsiveness. 5 EKLF did not activate pGL3-Basic but activated the ␤-globin Gene names are in full description and common abbreviations with a GenBank accession number. The ratio is the normalized mean of the relative expression in control versus tamoxifen-treated samples (n ϭ 4). The mean absolute intensities of each gene are given for both taxoxifen-and control-treated samples (n ϭ 4).
*Genes verified by real-time PCR.
only.
For Figure 5B ). This is further evidence that EKLF directly activates the dematin gene via CACC sites within the 2 putative promoters.
Discussion
EKLF is primarily a transcriptional activator in vivo
Most analyses have reported that EKLF acts primarily as a transcriptional activator in vitro, 50, 51 although one proposes that EKLF can bind the transcriptional repressor Sin3A and directly repress ␥-globin gene expression. 27 Our expression-profiling data suggest EKLF acts primarily as a transcriptional activator in vivo, although a few transcripts may be directly repressed. In contrast, GATA-1 functions more often as a transcriptional repressor in a similar cell line system. 52 We conducted expression-profiling analyses using both EKLF-null mice and an EKLF-null cell line to ensure we were targeting genes that were specific in their response to EKLF. This approach yielded an overlap of approximately 100 genes, allowing us to focus our studies on this subset (Figure 1 ). There were some genes apparently EKLF dependent in the fetal liver but not induced by tamoxifen in B1.6 cells. We think this is most likely due to the immortalization process for B1.6 cells. There were no genes that were both upregulated by EKLF loss in the fetal liver and downregulated by tamoxifen in the cell line, so we have no solid leads for EKLF-repressed genes. Our results are similar and complementary to others recently published. 53 These authors used a different inducible EKLF system in primary fetal liverderived cells and a different array platform. Despite these differences, we found a remarkably similar set of EKLF target genes. Together, our 2 sets for experiments argue very strongly for the validity of the gene lists.
We used real-time PCR to validate many of the putative EKLF target genes ( Figure 1B,D) , as well as confirming that transcriptional downregulation translated to a decrease in protein expression ( Figure 1F ). Importantly there did appear to be differences in the expression levels of some genes, such as Lgals and Snca, between the 2 systems ( Figure 1B,D) , suggesting that we have the ability to focus our studies even further. It is not certain from these expression-profiling experiments whether all or most of the differentially expressed genes are direct EKLF transcriptional targets or not, but an argument for many being so, based on the published literature and on our findings presented here, will follow.
Primitive EKLF-null red cells show defects in morphology and gene expression
To determine if EKLF is active during primitive erythropoiesis we examined expression of some of our target genes at E11.5. Our data show that many of these genes were downregulated at this developmental time point ( Figure 3A) and that, at least for dematin, AHSP, and TER119, this translated into a substantial downregulation in protein expression ( Figure 3B ). Loss of dematin and TER119 might partly explain the abnormally ruffled red cell membrane ( Figure 3D ), but loss of other transmembrane proteins (Table 3 ) are likely to contribute to this defect. Our data confirm that EKLF is transcriptionally active in embryonic red cells as previously described for ␤-globin transgenes 46, 47 and identify key novel EKLF target genes in embryonic as well as definitive red cells. Given that EKLF-null primitive erythrocytes appear to have a relatively normal lifespan and the embryos survive until late gestation, it is likely that other CACC-binding proteins, such as LKLF (KLF2), may compensate for the absence of EKLF at certain promoters such as the -, ⑀-y, ␤h1-globin, and Duffy gene promoters in embryonic red cells. 54 The red cell membrane in the absence of EKLF Dematin, or band 4.9, is a key component of the red cell cytoskeleton that binds F-actin 28 and other components of the cytoskeleton ( Figure 5 ) and it is highly downregulated in the absence of EKLF (Figures 1 and 3) . A genetic deletion of the headpiece domain of dematin leads to increased red cell fragility and compensated hemolysis, 41 suggesting that it is an essential structural component of the red cell cytoskeleton. Thus, the observed membrane defect in primitive erythroid cells at E11.5 ( Figure 3D ) may also be partially due to dematin loss. To demonstrate that our EKLF target genes may be directly regulated by the transcription factor, we showed that EKLF binds a number of phylogenetically conserved regulatory elements (with CACC cores) in the dematin gene ( Figure 4D -E) and activates transcription from 2 independent erythroid promoters ( Figure 4F ). Both of these promoter elements contain EKLF consensus CACC sites, further suggesting that, like ␤-globin, dematin is a key in vivo EKLF target gene ( Figure 5 ).
Hemoglobin synthesis pathway gene regulation by EKLF
Heme is synthesized from glycine and succinyl CoA via an enzymatic cascade acting within and without mitochondria ( Figure  5 ). The first enzyme in the biosynthetic pathway is ALAS. There are 2 ALAS genes, ALAS1 (or ALAS-H ) and ALAS2 (or ALAS-E ). ALAS1 is ubiquitously expressed at low levels and was found to have normal expression levels in EKLF-null fetal liver (Table 3) . ALAS2, which is mutated in X-linked sideroblastic anemia, 55 is expressed at much higher levels in red cells (compare intensities in Table 3 ) and is moderately downregulated following EKLF loss (Table 3) . Interestingly, a gene knockout of ALAS2 leads to severe anemia with accumulation of siderotic iron and an increase in nucleated definitive red cells, 56 and a zebrafish mutant, sauternes, has a similar severe erythroid phenotype. 57 The ALAS2 promoter has a conserved CACC element that can bind EKLF, and EKLF can activate ALAS2 in reporter assays. 12, 58 There is also a wellcharacterized EKLF-dependent enhancer in intron 8. 59 The third enzyme in the heme-synthesis pathway known alternatively as PBGD or hydroxymethylbilane synthase (Hmbs) was induced 2-fold by EKLF in B1.6 cells (Table 4 ) and downregulated the EKLF-null fetal liver (Table 3) . Interestingly, mouse and human PBGD gene promoters also have conserved CACC-box elements 60, 61 that can bind EKLF in vitro. Although we previously reported PBGD is not EKLF dependent in EKLF-null red cells, 20 it could be an EKLF target gene from these expression-profiling ChIP was performed on B1.6 cells treated in 4 ways: using EKLF-specific or preimmune sera and after tamoxifen-induced (T) or control (E) induction of EKLF-ER. (E) ChIP using ER␣ monoclonal antibody or isotype control. Again, ChIP was performed on cells treated in 4 ways: using ER␣ antibody or mIgG1 and after tamoxifen-induced (T) or control (E) induction of EKLF-ER. (F) Mean relative luciferase levels (as normalized to renilla) Ϯ SEM, n ϭ 3. pGL3-basic (Luc) constructs were transfected into SL2 cells with or without an EKLF expression vector. In each case transfection of the Luc construct alone did not alter luciferase levels (data not shown). EKLF response data are presented normalized to 1 for each construct. The ␤maj-Luc contains the ␤-major globin promoter and is a positive control for EKLF action. DemP3 corresponds to Ϫ1 to Ϫ1000, and DemP2 to Ϫ8267 to Ϫ9269 from the transcription start site of the dematin gene. 38 results. In addition, the peripheral Bzrp may transport coproporphyrin III into the mitochondria for completion of heme synthesis. 62 Bzrp levels are markedly reduced in EKLF-null cells (Table 3 ; Figure 1B,D) . Expression of other heme-synthesis enzymes are not significantly EKLF dependent (Tables 3-4) . These results suggest that the combined lack of ALAS2, PDBG, and Bzrp is likely to be responsible in concert for the defect in heme synthesis and siderotic (mitochondrial) iron accumulation found in EKLF-null red cells 25, 26 ( Figure 5 ).
AHSP is nearly undetectable when EKLF is absent (Figures 1  and 3 ). AHSP is a small red cell-specific protein that binds and stabilizes free ␣-globin chains and alpha hemoglobin. 27 AHSP knockout mice have a moderate compensated hemolytic anemia that is worsened significantly by concomitant ␤-globin deficiency, suggesting that one function of AHSP is to protect cells against the toxic effects of excessive free ␣-globin or ␣Hb. 27 Thus, the loss of AHSP in EKLF-null mice is likely to aggravate the coexisting ␤-globin deficiency and, therefore, contribute to embryonic demise.
Blood group antigens and EKLF
Our expression-profiling experiments suggest that many blood group antigens are regulated by EKLF. These include Rh-ced (which encodes an allelic Rh antigen complex), Ermap (which encodes the Scianna blood group antigen 63, 64 ), Duffy, and ICAM4 (also known as the LW antigen 65 ; Table 3 ). These genes were validated as EKLF target genes in the fetal liver by real-time PCR (Figures 1 and 3) , although only Duffy and Ermap were significantly upregulated by tamoxifen in B1.6 cells ( Figure 1D ). Also, Duffy was not affected at E11.5 ( Figure 3A) , suggesting that downregulation in the fetal liver may be an indirect effect of EKLF loss in this case. In addition to these validated genes, other blood group antigens and related proteins are likely EKLF target genes (Table 3) . These include glycophorin A (GPA), CD47 (an Rh antigen-associated protein 66 ), and CD59 (a GPI-anchored protein lost in paroxysmal nocturnal hemoglobinuria [PNH] ). Interestingly, most of these proteins coexist in a mega-complex that links the membrane to the underlying cytoskeleton. 67 Importantly, mouse Rh-cde, GPA, CD59, CD47, and Ermap/Scianna genes all contain CACC sites in their proximal promoters that are likely to bind EKLF. 7, 28, 68 Together, our results strongly suggest that EKLF coordinates expression of many key blood group antigens and associated proteins that link the membrane to the cytoskeleton ( Figure 5 ).
Transcription factor targets
Many of the EKLF-regulated genes encode transcription factors such as p45-NF-E2, CHOP, LMO2, ETO, BKLF/KLF3, RAR␥, RAR␣, pokemon (Zbtb7), Bteb1/KLF9, Gli-3, and hemogen. 69 A detailed discussion of the physiologic importance of these is beyond the scope of this paper, but many have proven roles in erythropoiesis. 70 Of particular note, BKLF/KLF3 is markedly reduced in EKLF-null fetal liver 71 and EKLF-null cell lines. 26 BKLF is one of the most abundant CACC-box binding proteins in erythroid cells and its loss in EKLF-null embryos may play a key role in erythropoiesis and/or ␥-globin gene silencing, so it is worthy of further investigation.
Conclusion
In summary, we have used expression profiling to discover that EKLF plays a global role in both primitive and definitive erythropoiesis. It participates in the control of expression of many genes including AHSP and ␤-globin and heme synthesis and transport enzymes, which function together to produce the hemoglobin molecule ( Figure 5 ). EKLF also coordinates expression of many genes that work together to build a flexible red cell that can transverse the microcirculation ( Figure 5 ). Importantly, we show that EKLF can directly regulate a least one (and probably many) potential target gene, suggesting that its action as a transcription factor is direct. Finally, our findings suggest that drugs targeting EKLF may not be an ideal treatment strategy for patients with ␤-hemoglobinopathies.
